The CRISPR/Cas9 complex, a bacterial immune response system, has been widely adopted for RNA-guided genome editing and transcription regulation in applications such as targeted genome modification and site-directed mutagenesis. However, the physical basis for its target specificity is not fully understood. In this study, based on a statistical mechanical analysis for the whole ensemble of sgRNA-target complex conformations, we identify a strong correlation between Cas9 cleavage efficiency and the stability of the DNA-RNA (R-loop) complex structures, with a Pearson correlation coefficient ranging from 0.775 to 0.886 for the tested systems. The finding leads to quantitative insights into important experimental results, such as the greater Cas9 tolerance to single-base mismatches in PAM-distal region than to PAM-proximal region and the high specificity and efficiency for shorter protospacers. Moreover, the results from the genome-wide off-target assessments, compared with other off-target scoring tools, indicate that the statistical mechanics-based approach provides more reliable off-target analyses and sgRNA design. To facilitate the genome engineering applications, a new web-based tool for genome-wide off-target assessment is established.
Cas9/sgRNA is regulated by the types of the PAM (protospacer adjacent motif) and the nature of mismatches in different regions of the protospacer in the target site. Many currently available tools are based on the mismatch information, such as the number and the position of mismatches, to find and evaluate potential off-target sites. For example, CROP-it 17 scores the potential off-target sites by dividing the protospacer into three segments with weight coefficients trained/optimized with the experimental (ChIP-Seq) data. CCTop 18 and Zhang's model (http://crispr.mit.edu/) 19 employ position-dependent weight coefficients in their off-target scoring algorithms. Recently, Doench et al. 20, 21 developed a mismatch sequence-and position-dependent off-target scoring tool, namely, the Cutting Frequency Determination (CFD) score, with 240 fitting parameters. The recent findings of the off-target activity for sequences with more general insertions and deletions between target DNA and guide RNA 22 suggest the need for a new tool that can treat sequences beyond simple mismatches. Here we report such a new tool. This new computational tool is developed based on rigorous physical principles, can reproduce the previous experimental data, and can offer a general and consistent method for genome-wide off-target assessment and rational design of sgRNAs.
Quantitative predictions of the CRISPR activity require understanding of the physical mechanism. We reason that CRISPR-guided cleavage depends on the formation of active sgRNA-DNA state and such an active state may form an ensemble of structures. One of the distinctive features of our new method is the consideration of an ensemble (instead of a single structure as did in previous approaches) of active structures of the sgRNA-DNA complex. In our approach, we first identify the active sgRNA-DNA structures using experimentally determined CRISPR activity data. Based on the identified active structures, we establish a quantitative relationship between structure, stability, and the CRISPR activity using statistical mechanical analysis. The analysis further leads to a new predictive tool with two significant applications: (a) for a given target, to predict CRISPR activities for the different sgRNA sequences, and (b) for a given sgRNA, to provide genome-wide prediction for the potential off-target sites.
Methods
Test cases with single mutations. Recent experiments 14, 19, 23, 24 showed that the CRISPR/Cas9 system can tolerate sgRNA-DNA mismatches and the gene editing efficiency is sensitive to the number, position and distribution of the mismatches. Zhang and his colleagues 14, 19 chose four target sites within the human EMX1 gene (1, 2, 3, and 6) and one target site within the VEGFA(1) gene, and for each, generated a set of 57 different guide RNAs, which contains all the possible single-nucleotide substitutions in positions 1-19 directly 5′ of the requisite NGG PAM (see SI for an example). The 5′ guanine at position 20 is preserved, since the U6 promoter requires guanine as the first nucleotide of its transcript. These "off-target" guide RNAs were then assessed for cleavage activity at the on-target genomic locus. Qi et al. 23 and Liu et al. 24 studied mRFP(NT1) in E.coli MG1655 genome and the Renilla luciferase gene, respectively, with single-nucleotide substitutions (A ↔ U, G ↔ C) in positions 1-20 directly 5′ of the requisite NGG PAM. The data from these target sites provide ideal test cases for the investigation of sgR-NA-DNA binding after PAM recognition. For this reason, we opt to use these published data in our analysis. Specifically, the data includes the target site DNA sequence, the perfectly matched sgRNA (without mismatch) and 57/20 sgRNAs that contain single mutation, and Cas9 cleavage efficiency from all seven target sites 14, 19, 23, 24 . The protospacers in all the targets are 20-nt in length.
DNA-sgRNA structural ensemble. From the crystal structure of SpCas9 in complex with the guide RNA and the target DNA 15, 16 (see Fig. 1A ), we find that the sgRNA is tightly bound with the Cas9 protein, where the 20-nt single-stranded guide sequence is wrapped around by the Cas9. To access the target, the guide sequence of The competition between base stacking within the DNA and DNA-RNA hybrid base pairing/stacking results in the different DNA/RNA bound structures. In the unbound state, the target site maintains its original DNA-DNA base pairing within the chromatin. In the bound state, the sgRNA invades into the DNA duplex and forms the R-loop structure with the target DNA. The three-base pair DNA helix stretches on both ends of the R-loop are shown in blue. We allow a single-base bulge to be formed in the hybrid duplex. S denotes the length (number of base pairs) of the hybrid helix.
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After PAM recognition (cyan in Fig. 1B ), the sgRNA randomly searches for the binding sites on the target DNA strand for RNA-DNA hybridization, resulting in different sgRNA-DNA complex structures. A sgRNA-DNA bound state corresponds to all the structures where the sgRNA and the DNA are bounded by at least one base stack (minimum hybrid helix). The bound state includes partially as well as fully zipped (20-bp) DNA-RNA duplexes. Furthermore, as shown in Fig. 1B , we define a DNA-sgRNA binding mode "M" by the terminal base pairs of the duplex (See Fig. 1B ). For example, M = (1, −1; 9, −8) in Fig. 1B denotes the duplex closed by terminal base pairs (1, −1) and (9, −8). We allow the formation of a single-nucleotide bulge 22 and the bulged nucleotide can be either on the RNA strand or on the DNA strand.
The sgRNA-DNA binding process involves competition between DNA-DNA and sgRNA-DNA base pairing. Complete DNA-DNA pairing results in the unbound state of the sgRNA-DNA system (Fig. 1B) . The pairing of sgRNA with DNA causes the R-loop formation and changes the system from the unbound state to the bound state. The probability for sgRNA-DNA hybridization (binding) is determined by the free energy difference between the bound and the unbound states.
Free energy of the unbound state. In the unbound state, the free energy of the (separated) sgRNA and DNA is the sum of the (unbound) DNA and sgRNA: ΔG unbound = ΔG (DNA) + ΔG (RNA) . The DNA duplex free energy ΔG (DNA) is the sum of the experimentally determined base pairing/stacking free energy parameters 25 . The free energy ΔG (RNA) of the sgRNA, which is assumed to be a single-stranded random coil in the unbound state, is set to be zero as the reference state.
Free energy of the bound state. The DNA-sgRNA binding involves two steps: disruption of the DNA duplex and the subsequent DNA-sgRNA base pairing (R-loop formation). The free energy for a given bound state "M" is the sum of the free energy changes in the two steps:
, where ∆G M DNA ( ) and ∆G M hybd ( ) are the free energy changes in the DNA duplex and the sgRNA-DNA duplex, respectively. The sum over all the possible bound states gives the total bound free energy:
Folding stability. For the system shown in Fig. 1 , there exist one unbound structure and 17,974 bound structures 26, 27 . The sum of all the bound and the unbound states gives the total free energy ΔG tot of the sgRNA/DNA system:
The folding stability of the bound state "M" can be characterized by the free energy difference between the bound state "M" and the total state:
t ot , or, equivalently, the fractional population, which is the exponential of the free energy difference:
Search for functional structures. Not all the bound structures lead to successful Cas9 cleavage. To search for the active bound structures, we compute the total population of all the putative active structures:
and test the correlation between the population P active and the cleavage efficiency F using the Pearson correlation coefficient r(P active , F). Here the Pearson correlation coefficient between parameters x and y is defined as A complication of the above analysis arises from the fact that not all the mismatch free energy parameters for the RNA-DNA hybrid helix are available 28 . To minimize the uncertainty in mismatches parameters in our search for the active structures, we use the forementioned published data sets 14, 19, 23, 24 , which involve at most one mismatch in each case, to search for the active structures. For these prototype systems, as an approximation, we simply assign zero free energy to a mismatched stack, which is less stable than a canonical base stack (usually with a negative free energy). Because the systems contain only a single mutation/mismatch, the free energy of the structures is mainly determined by the majority canonical base pairs/stacks rather than the single mismatch (see SI for details).
Assessment of off-target sites.
To predict off-target sites for a given sgRNA, we need to account for the sequence-dependent energetic contributions from different mismatches, including tandem mismatches. To better assess genome-wide off-targets, we introduce nucleotide type and position-dependent mismatch parameters for DNA-RNA hybrid base pairs/stacks and one-bulge loop parameter in the DNA-RNA hybrid helix (see SI for details). We use the experimentally determined genome-wide off-target activity data 11, 19, 29, 30 and a random search algorithm 31, 32 to optimize the parameters. Specifically, for a given sgRNA, we sample all the possible targets in the genome and rank them according to the binding affinity of the functional sgRNA-DNA structures. By maximizing the Pearson correlation coefficient between the theoretically predicted binding affinity and the experimentally measured Cas9 cleavage efficiency on the different targets, we extract a set of mismatch parameters. As shown in the results section and the SI, the extracted parameters lead to great improvements in the predictions of Cas9 cleavage efficiency.
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Results and Discussion
Putative sgRNA/DNA/Cas9 functional structures. We test three types of putative functional structures. The first candidate is the bound structure with the fully zipped 20 base pairs between the sgRNA and the DNA target, i.e., the bound structure (1, −1; 20, −20) in Fig. 1 . We denote this candidate as the "full-zip" structure. The second candidate is the ensemble of all the bound structures, denoted as the "bound" structure. The third candidate is the hybrid helix starting immediately upstream of the PAM sequence containing the (1, −1) base pair and a helix no shorter than the minimum length of S min base pairs. We denote this candidate as the "active" structures. As shown below, we find that the "active" structure (candidate 3 above) with S min = 7 may be the functional structure.
Structure-activity correlation. We identify the functional structure as the one that yields the maximum structure-activity correlation r(P active , F). As shown in Table 1 , there exist no consistent correlation between the cleavage efficiency and the free energy of the fully zipped 20-bp structure (candidate 1 above). The finding is consistent with the result in the previous study 13 . In the tests for candidate 2 above (ensemble of all the bound structures), we find a correlation of 0.782 for the target of EMX1.1 and −0.426 for the target of VEGFA.1. The inconsistent results suggest that after PAM recognition, not all the bound structures can lead to efficient cleavage by the Cas9 protein.
In contrast, as shown in Table 1 and Fig. 2 , there exists a strong and consistent correlation for candidate 3 above with S min = 7. The Pearson correlation ranges from 0.775 to 0.886 with the average of 0.82 for the test cases, indicating that the proposed active structures are likely the functional structures for Cas9 cleavage.
The conclusion about the functional structures, derived from the correlation between structure (from theory) and activity (from experiment), is a result of the Cas9/DNA/sgRNA interactions in the sgRNA target recognition process. Previous studies 12, 13 suggested that after Cas9 binds to the PAM, the guide RNA invades into the PAM-adjacent protospacer DNA duplex, causing the formation of an R-loop motif immediately upstream of the PAM. During this strand invasion process, the guide RNA must displace the complementary strand of the protospacer. The competition between the invasion and the re-annealing of the DNA duplex results in a dynamic ("breathing") R-loop structure. PAM recognition and the resultant juxtaposition of the DNA duplex and sgRNA induce the base pairing of (1, −1) immediately upstream of the PAM sequence. To further promote the formation of the double-stranded breaks (DSBs) and cleavage for gene editing, a long hybrid helix (>7 base pairs) is required to stabilize the active structure. For the system shown in Fig. 1 , there exist 269 such functional structures out of a total of 17,974 bound structures.
R-loop energy landscape and CRISPR activity. First, as shown in Fig. 3A , the unmutated sgRNA sequence shows a bumpy folding free energy landscape ∆G M f as a function of the different bound structures "M". Here, structure "M" is described by the length S of the sgRNA-DNA duplex zipped from the PAM site. Moreover, the different sgRNA-target systems show lacks a consistent S-dependence in the shape of the free energy landscape, suggesting a sensitive sequence dependence of the landscape. As a result, we expect that mutations in the sgRNA sequence may cause notable changes in CRISPR activity.
Second, to investigate the relationship between CRISPR efficiency and the different sgRNA-DNA structures, we evaluate the correlation coefficient r(P active , F) between the (theoretically predicted) fractional population P M of a given sgRNA-DNA bound structure M (described by the helix length S) and the experimentally measured CRISPR cleavage efficiency. For each target, the correlation for a given M (helix length S) is an average over all the 58 sgRNA sequences, including one unmutated and 19 × 3 = 57 single-mutant sequences. The result leads to the following three conclusions (Fig. 3B). (1) Short helices with length S < 7 base pairs yield low or negative correlations. Such structures may be kinetically important as the initial steps in helix formation, however, the short-helix structures are not sufficiently stable and are unlikely the functional structures. (2) Long-helix structures alone . For each target, based on the 58/21 mutant and the unmutated sgRNA sequences, we evaluate the Pearson correlation between the experimentally determined SpCas9 cleavage efficiency 14, 19, 23, 24 and the computationally predicted (a) stability/population of the three functional structure candidates or (b) the CRISPR cleavage scores from other tools. In the table, ΔG helix is the free energy of the fully-zipped hybrid helix. P full-zip , P bound , and P active are the fractional populations of the fully-zipped (candidate 1), all the bound structures (candidate 2), and the active structures (candidate 3), respectively. The strong and consistent correlations for P active indicates that the proposed active structures (candidate 3) are the functional structures for Cas9 cleavage after PAM recognition. ), is characterized by the helix length S (in base pairs), and the CRISPR cleavage efficiency F for the given targets 13, 18 . Here, for each target, for a given S, the correlation is evaluated based on all the 58 unmutated and mutated (single mismatch) sgRNA sequences. (C) Same as (B) except that the population for a given S min is the sum over all the structures with the helix length longer than S min base pairs. The sudden decrease at S min = 4 base pairs (highlighted by the green circle) for EMX1.1 is caused by the negative correlation, shown in Fig. 3B . may not always give high correlations. For example, structures of S > 17 base pairs show weak (<0.5) correlations. (3) The strongest correlation (>0.5) occurs to structures with helix length S from 8 to 17 base pairs. The above results suggest that an ensemble of R-loop with RNA-DNA hybrid helix length S > 7 base pairs may correspond to the functional structures.
To further confirm the above identified functional structure, we compute the correlation between the activity and the population of the different structure groups, namely, structures of helix length from S min to 20 base pairs. As shown in Fig. 3C , the correlation reaches a plateau at S min between 10 to 15 base pairs for the tested systems. The result indicate that for certain sgRNA and target sequences, a protospacer of length 15-20 bps might be sufficient to provide high cleavage efficiency 33, 34 . Experiments suggest that the 20-nt long protospacer can be divided into two regions, the seed (PAM-proximal) region within 10 base pairs from the PAM and the non-seed (PAM-distal) region with 10 base pairs away from the PAM. Cas9 tolerates single-base mismatches in the non-seed region to a greater extent than in the seed region 19 . The position-dependent mismatch tolerance can also be explained by the statistical mechanical analysis above. Figure 3C shows the strong correlation between Cas9 cleavage and structures of helix length from 8 to 20 base pairs. When a single mismatch is introduced in the seed region, nearly all the functional structures contain the mismatch and hence the total cumulative population of these structures is greatly affected, resulting in a large change in the cleavage efficiency. However, if a single mismatch is introduced in the non-seed region, only a fraction of the functional structures contains the mismatch, thus, the impact to the total population of the functional structures is small. Therefore, mismatches in the non-seed region would have less impact on the CRISPR activity than mismatches in the seed region.
Prediction of off-target sites.
To compare our method with the other existing methods, such as CROP-it 17 , CCTop 18 , Zhang's model 19 , and CFD 21 , we compute the correlation between the theoretical cleavage efficiency metric, such as the total population P active of the functional structures in our current new method and the experimentally measured CRISPR efficiency. The test results shown in Table 1 for the aforementioned seven gene target systems, each with 58/21 sgRNA sequences, indicate that the different methods generally give reasonably consistent correlations except CCTop, which has negative correlations due to its specific scoring algorithm.
The unique feature of our approach is to account for the effect from not only the single "native" state with the fully zipped 20-bp sgRNA-DNA helix, but also the full spectrum of the functional states on the energy landscape, including the nonnative (bound and unbound) and partially folded sgRNA-DNA structures. The question, however, is whether these existing algorithms and our current new method can correctly assess the genome-wide off-target effects, which often involve multiple mismatches. Here, we use 24 cases obtained from four published data sets 11, 19, 29, 30 to train the parameters and to test the reliability of the algorithms for off-target assessment. We also compare our new method with other existing methods [17] [18] [19] 21 . Table 2 shows the test results for the above mentioned 24 cases. The tested sgRNAs have different numbers of off-targets, ranging from 9 to 5,957 genome-wide. For each sgRNA sequence, we calculate P active , the total fractional population of the functional structures, for each scanned target. Sum over all the on-and off-targets gives the Pearson correlation coefficient for the given sgRNA sequence. We find that CROP-it 17 and CCTop 18 give similar performances, with most of the off-targets showing weak/no correlations. The algorithm by Hsu et al.
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(Zhang's model) gives improved correlations, with 10 out of 24 cases showing strong (>0.5) correlations. Without the mismatch sequence dependence, CROP-it, CCTop, and the Zhang lab's scoring metrics may not correctly capture the effects of multiple-mismatches. For the CFD 21 scoring method, 17 out of 24 cases show strong (>0.5) correlations. Only 7 cases, with large numbers of off-targets, have the correlations below 0.5. The improvement of the performance may be attributed to the usage of the mismatch sequence-and position-dependent scoring functions. However, all four existing tools consider only mismatches in the full-length hybrid helix and cannot treat sgRNA/DNA sequences involving bulges and other loops in the sgRNA-DNA duplex 22 . The genome-wide test results (Table 2 ) support the conclusion that our new statistical mechanics-based algorithm provides improved off-target assessment. To further confirm the physical mechanism, namely, the relationship between the stability of the identified functional structures and the CRISPR activity, we test the algorithm at the different levels. As the lowest approximation, we first consider only the contributions from the canonical base pairs/stacks in our statistical mechanical analysis (SMA) (see SMAnone in Table 2 ). As shown in Table 2 , 14 out of 24 cases show strong (>0.5) correlations. Without using any fitting parameters, the SMAnone scoring metric outperforms Zhang lab's model and reaches similar performance to CFD, which employs 240 fitted parameters. The results suggest that our algorithm may have captured the structure-function relationship for the Cas9/DNA/ sgRNA system. For targets with large numbers of off-target sites, such as Nanog-sg3, which has 5,957 off-target sites, none of the scoring metrics can provide satisfactory correlation. To further increase the prediction accuracy, we introduce 261 energy parameters for the different mismatched base pairs as well as the position dependence of the mismatches. The parameters are estimated based on the optimization of the aforementioned correlation coefficient for the data listed in Table 2 . The model with additional energy parameters (SMApara) gives improved predictions for the off-targets, where 20 out of 24 cases show strong correlations.
We also use seven cases obtained from three published data sets 10, 35, 36 to benchmark test the predictive power of our model. We note that these seven test cases are not included in the training set (24 cases in Table 2 ). As shown in Fig. 4 , our statistical mechanical analysis-based models (without any parameter, SMAnone, and with additional energy parameters, SMApara) can have comparable or better performances than other non-physical algorithms, indicating the current models may possibly capture important aspects of the physical mechanism for CRISPR/Cas9 gene editing. Furthermore, with increasing amount of experimental data, our physical mechanism-based model, by incorporating more reliable parameters, may offer continuously improving predictions for off-target assessment and optimal sgRNA design.
To implement the new algorithm described above, we have developed a user-friendly computational tool (VfoldCAS) to predict/rank off-target loci to facilitate the sgRNA design. The tool can be accessed at http://rna. Tests of six off-target scoring methods using the experimentally measured genome-wide off-target activities. The numbers shown in the brackets are the number of the off-targets. The experimental data are from the corresponding published references. SMA none and SMA para are our models with and without parameters, respectively.
physics.missouri.edu/vfoldCAS. With the increasing amount of available experimental CRISPR data, the model is expected to provide off-target site predictions and sgRNA design with increasing accuracies.
Conclusions
Based on statistical mechanical principles and CRISPR gene editing efficiency data for different targets and sgRNAs, we explore the structure-based physical mechanism of the two-stage CRISPR gene editing process. The first stage is PAM recognition. This stage is determined by the PAM sequence and PAM/Cas9 interactions and chromatin accessibility. The second stage is the formation of the R-loop, namely, the target DNA/sgRNA bound structure. Different R-loop structures have different contributions to the overall cleavage efficiency. Through extensive theory-experimental comparisons we reveal a strong correlation between the population (stability) of the functional bound structures and the Cas9 cleavage efficiency. Such a correlation suggests that the folding stability of the functional structures plays an important role in the DNA targeting specificity of the CRISPR/ Cas9 system. Specifically, we find that the major contribution comes from the bound structures which contain DNA-sgRNA helices of length 8-17 base pairs zipped from the PAM terminal. Our finding suggests that a full length (20 base pairs) RNA-DNA hybrid helix may not be mandatory for sgRNA-target recognition and Cas9 cleavage, and shorter protospacers can also ensure high targeting efficiency. Furthermore, the result supports the conclusion that Cas9 can tolerate mismatches in the PAM-distal (non-seed) region, although the perfect base-pairing in the PAM-proximal (seed) region is preferred. From the kinetics point of view, the sgRNA-DNA hybrid helix can be quickly zipped up from the initially formed base pairs at the PAM binding site such as the (1, −1) base pair in Fig. 1B . However, from our statistical mechanical analysis, we find no correlation between the formation of the initial base pairs (a short hybrid helix) in the PAM-proximal region and CRISPR activity. The lack of correlation may stem from two possible reasons. First, as indicated in previous single-molecule DNA supercoiling experiments 12 and AFM imaging with kinetic Monte Carlo simulations 13 , sgRNA-DNA helix folding kinetics involves a "breathing" process, where short-helix R-loop structures are transiently folded and unfolded. Second, Cas9 cleavage may require a sufficiently long hybrid helix for the double-stranded breaks. Therefore, as shown in Fig. 3B , the short-helix R-loop structures are unlikely functional and thus show low or negative correlations with CRISPR activity. Once the hybrid helix exceeds a threshold length, the sgRNA-DNA helix would proceed to zip up to perform the cleavage function.
Our current model, which uses the total population of the ensemble of functional R-loop structures zipped unidirectionally from the PAM-adjacent base pairs implicitly taken the kinetics pathway effect into account. In addition, as shown in Fig. 2 , the unmutated sgRNA sequences have a high cleavage efficiency as expected, while some mutant sgRNAs even have better efficiency than the unmutated ones, suggesting possible additional effects, such as the 3D structure and the sequence-specific effects, beyond sgRNA-DNA base pairing. Further improvement of the model should consider the Cas9/PAM related structural features.
The identified physical mechanism leads to a new method for predicting CRISPR off-target sites and optimal design of sgRNAs for a given target. Unlike previous methods, which often involve ad hoc data fitting, this current new method is based on a rigorous physical mechanism. Thus, it can provide more accurate predictions. Indeed, tests with genome-wide data indicate that our new model gives more accurate predictions on off-targets than other existing scoring metrics. This new algorithm may offer an accurate method for optimal sgRNA design that can maximize activity and minimize off-target effects.
The new method reported here also has the unique ability to treat general R-loop structures. For instance, unlike previous methods, the current method considers contributions from bulge-looped structure. Further development of the method includes the consideration of a more complete ensemble of R-loop structures. Moreover, correct energy and entropy parameters are essential for the further development of the physical model. As more and more data become available, we expect a continuous increase in the number of available energy and entropy parameters. Chromatin accessibility can influence sgRNA-target binding. However, none of the currently available off-target site prediction tools can consider the spatial accessibility of the site in the 3D genome structure. Future model development should also consider additional potentially important factors such as the chromatin accessibility in PAM recognition and other possible effects such as the kinetic effects in R-loop formation and subsequent DNA/RNA hybridization, and the torque (twisting force induced by the DNA supercoiling)-regulated R-loop formation and disruption of the Cas9 cleavage efficiency.
